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We consider N' =2 SQCD with the U(¥) gauge group and N, flavors (N, > N) perturbed by an
N = 2 breaking deformation—a small mass term u for the adjoint matter. We study r-vacua, with the
constraint %Nf < r = N. At large values of the parameter £ ~ um (m is a typical value of the quark
masses) r quark flavors condense, by construction. The effective low-energy theory with the gauge group
U(r) X U(1)¥~" is at weak coupling. Upon reducing ¢ the original theory undergoes a crossover transition
from weak to strong coupling. As the original theory becomes strongly coupled, at low energies it is
described by a weakly coupled infrared-free dual theory with the gauge group U(N; — r) X U(D)N~Nr*”
and N light dyon flavors. These dyons condense triggering formation of non-Abelian strings which still
confine monopoles, rather than quarks, contrary to naive duality arguments. “Instead-of-confinement”
mechanism for quarks and gauge bosons of the original theory takes place: screened quarks and gauge
bosons of the original theory decay, on curves of the marginal stability (CMS), into confined monopole-
antimonopole pairs that form stringy mesons. Next, we increase the deformation parameter u thus
decoupling the adjoint fields. Then our theory flows to N' =1 SQCD. The gauge group of the dual
theory becomes U(N, — r). We show that the dual theory is weakly coupled if we are sufficiently close to
the Argyres—Douglas point. The ‘‘instead-of-confinement”” mechanism for quarks and gauge bosons
survives in the limit of large w. It determines low-energy non-Abelian dynamics in the r-vacua of N = 1

SQCD.
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I. INTRODUCTION

The mechanism of confinement based on the monopole
condensation [1] was shown to work [2,3] in the monopole
vacua of N = 2 supersymmetric QCD. This confinement
per se is essentially Abelian [4-7]. Non-Abelian gauge
group is broken down to an Abelian subgroup by conden-
sation of the adjoint scalars at a high scale, with the
subsequent monopole condensation at a much lower scale,
in a low-energy Abelian theory. Simultaneously, formation
of confining flux tubes (strings) occurs.

In N = 1 supersymmetric QCD there are no adjoint
scalars. One may hope that, starting from N = 2 QCD
and decoupling the adjoint scalars, one can arrive at a
regime with non-Abelian confinement.

Motivated by this idea we recently found [8,9] a novel
non-Abelian duality in the quark vacuum of N* = 2 super-
symmetric QCD with the U(N) gauge group and N flavors
of fundamental matter (quarks), where N < N, < %N . The
theory was perturbed [9] by a mass term w for the adjoint
matter. At small p the deformation superpotential reduces
to the Fayet—Iliopoulos (FI) [10] F-term with the effective
FI parameter ¢ determined by & ~ wm, where m presents a
typical scale of the quark masses. In [8,9] we focused
exclusively on the so-called r = N vacuum in which r =
N quarks condense, thus completely Higgsing the U(N)
gauge group. A global color-flavor locked symmetry sur-
vives in the limit of equal quark mass terms.
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At large ¢ this theory is at weak coupling and supports
non-Abelian flux tubes (strings) [11-14] (for reviews see
also [15-18]). It is the formation of these strings that
ensures confinement of monopoles. Monopoles manifest
themselves as junctions of two different strings. If & >
A%\r:r the problem can be treated quasiclassically (here
A ar—, is the scale of N = 2 SQCD).

Now, what happens if the value of ¢ decreases? Upon
reducing the & parameter, the theory undergoes a crossover
transition [8,19,20] in a strongly coupled regime. Needless
to say, quasiclassical description in terms of the original
theory fails.

At small £, dynamics can be described in terms of a
weakly coupled dual N =2 SQCD, with the U(N;— N) X
U(1)>M~r gauge group and N flavors of light dyons." This
structure is similar to Seiberg’s duality in N = 1 theories
[22,23] where emergence of the dual SU(N; — N) group
was first observed.

The dual theory supports non-Abelian strings due to
condensation of light dyons in much the same way as the
string formation in the original theory is due to condensa-
tion of squarks. Importantly, the strings of the dual theory
confine monopoles, rather than quarks [8]. This is due to
the fact that the light dyons that condense in the dual theory

"This is in perfect agreement with the results obtained in [21]
where the SU(N; — N) dual gauge group was identified at the
root of the baryonic Higgs branch in the SU(N) gauge theory
with massless (s)quarks.
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carry weightlike chromoelectric charges (in addition to
chromomagnetic charges). In other words, they carry the
quark charges. The strings formed through condensation
of these dyons can confine only the states with the rootlike
magnetic charges, i.e. the monopoles [8]. Thus, our
N = 2 non-Abelian duality is not electromagnetic.

Then, there is no confinement of the chromoelectric
charges; on the contrary, they are Higgs-screened.

At strong coupling where the dual description is
applicable, the quarks and gauge bosons of the original
theory are in what we call ‘‘instead-of-confinement”
phase. Namely, the quarks and gauge bosons decay into
monopole-antimonopole pairs on the curves of marginal
stability (CMS) [8,19]. The (anti)monopoles forming the
pair are confined. In other words, the original quarks and
gauge bosons evolve in the strong coupling domain of
small & to become stringy mesons with two constituents
being connected by two strings as shown in Fig. 1. These
mesons are expected to lie on Regge trajectories.

Moreover, deep in the non-Abelian quantum regime the
confined monopoles were demonstrated [19] to belong to
the fundamental representation of the global (color-flavor
locked) group. Therefore, the monopole-antimonopole me-
sons can be both, in the adjoint and singlet representation
of this group. This pattern seems to be similar to what we
have in actuality. The role of the “‘constituent quarks”
inside the mesons is played by the monopoles.

The above referred to small values of the deformation
parameter |u|. Next, we increased its value, thus decou-
pling the adjoint fields and sending the original theory to
the limit of N" = 1 SQCD. At large u the dual theory was
demonstrated [9] to be weakly coupled and infrared (IR)
free, with the U(N; — N) gauge group and N light dyons
D' (here [ =1,..., N; — N is the color index in the dual
gauge group, while A = 1, ..., N is the flavor index). Our
proof is valid provided that the dyon condensate ~¢ ~ um
is small enough which, in turn, requires the quark masses to
be small in the large x limit. Non-Abelian strings (albeit
this time non-BPS saturated) still confine monopoles while
the quark and gauge bosons of original N = 1 SQCD are
presented by stringy mesons built from the monopole-
antimonopoles pairs connected by two non-Abelian
strings, see Fig. 1.

“Instead-of-confinement”” mechanism is still at work.

In this paper we make a next step by exploring other
vacua of the u-deformed N = 2 theory, with the number

FIG. 1 (color online). Meson formed by a monopole-
antimonopole pair connected by two strings. Open and closed
circles denote the monopole and antimonopole, respectively.
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of condensed quarks r smaller than N. Namely, we focus
on the interval

ng<rSN.
3 N

(1.1)
The difference between these r vacua from that with r = N
is that for r < N a U(1) factor of the U(N) gauge group
always remains unbroken [24] and therefore residual long-
range forces are present. The theory is not fully Higgsed.
Still we will show that the low-energy physics is rather
similar to that of the » = N case.

Strategically we follow the route similar to the analysis
of [9]. First we study non-Abelian duality at small ||, not
far from the N = 2 limit, and then increase |u| sending
the theory to 2N = 1 SQCD. At large ¢ the low-energy
physics is determined by a weakly coupled U(r) X
U(1)N"" gauge theory broken by the condensation of
squarks down to U(1).

Upon reducing ¢ the theory goes through a crossover
transition to strong coupling. At small ¢ the low-energy
physics can be described by a dual weakly coupled IR free
theory. The gauge group of the dual theory is

N—v _ r ri%
U(v) X UV, y = L2
Nf_r, r>7f

Given the constraint (1.1) we focus on the case v = Ny — r.
We will refer to this non-Abelian duality as ““‘r-duality.”
Only if r = N our r-duality reduces to Seiberg-like duality
which we had studied in [8,9].

Note, that the presence of the SU(») X U(1)"s~" gauge
groups at the roots of the nonbaryonic branches in massless
(€ = 0) N = 2 SU(N) SQCD was first recognized in [21].
Also, the relation between r and v given in Eq. (1.2) was
noted in [25,26], where it was interpreted as a correspon-
dence between ‘“‘classical and quantum r-vacua.” Our
interpretation is different: we interpret it as a dual descrip-
tion emerging upon reducing ¢ below the crossover tran-
sition line.

Light matter of the dual theory is represented by N
flavors of dyons charged with respect to the gauge group
(1.2). We calculate their electric and magnetic charges and
show that they are, in fact, quarklike states with weightlike
electric and rootlike magnetic charges. Upon condensation
of these dyons non-Abelian string are formed. We show
explicitly that these strings confine monopoles, rather than
quarks, in much the same way as in the » = N vacuum.

The distinction between the r < N and r = N vacua is
that one Z string (let us say, the N-th, there are N Zy
strings altogether) is always absent in the r < N vacua. The
associated flux of the unbroken U(1) gauge factor is not
confined. Instead, it is spread in accordance with the
Coulomb law. As a result, non-Abelian strings become
metastable in the r <N vacua: they can be broken by
monopole-antimonopole pair creation, with monopoles
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being junctions of one of the first r Z, strings and the
would-be N-th string (which is in fact absent). At large
quark masses these monopoles are heavy and strings are
almost stable.

Next, we will increase w thus decoupling the adjoint
matter, together with the U(1) factors of the dual gauge
group (1.2) and singlet dyons. The dual theory then reduces
to a gauge theory with the gauge group

U (v) X U(1)unbr (1.3)

and Ny non-Abelian quarklike dyons. Here U(1)""" de-
notes the unbroken U(1) gauge factor. Dyons are neutral
with respect to U(1)""". We integrate out heavy fields and
present a superpotential for the light dyons. We show that
this theory stays at week coupling as we increase |u|
provided that we stay close enough to the Argyres—
Douglas (AD) point [27] in the quark mass parameter
space. Formation of the non-Abelian strings and monopole
confinement ensue.

Our main results can be summarized as follows.

We found that strongly coupled low-energy dynamics of
N = 1 supersymmetric SQCD in the r-vacua in the range
(1.1) are not what one might naively expect from electro-
magnetic duality. The dual gauge group is U(v) (where
v = N;—r) with N flavors of light quarklike dyons.
Their condensation leads to formation of non-Abelian
strings which still confine monopoles, rather than quarks.
The quarks and gauge bosons of the original theory are in
the ‘““instead-of-confinement” phase: upon crossing CMS
from weak to strong coupling they decay into confined
monopole-antimonopole pairs that form stringy mesons.
For r < N the strings in the stringy mesons depicted in
Fig. 1 can be broken by a pair creation of particular
monopoles which interpolate between the K-th string
(K =1,...,v) and the would-be N-th string, which is in
fact absent. An example of the meson emerging in this way
is shown in Fig. 2.

The endpoints emit fluxes of the unbroken U(1) gauge
field. This makes this meson a dipolelike configuration.
Note that the non-Abelian fluxes of the SU(») gauge group

FIG. 2. Example of the dipole meson formed as result of
breaking of 2-nd string by pair creation of monopole M,y
(shown by boxes) interpolating between 2-nd string and
would-be N-th string, which is absent. Arrows denote uncon-
fined flux. Circles denote monopoles Mgy, K, K' = 1,..., v.
Open and closed circles/boxes denote monopoles and antimono-
poles, respectively.
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are always trapped and squeezed in the non-Abelian
strings. Long-range forces are associated only with the
unbroken U(1) gauge factor. Monopoles inside the dipole
meson cannot annihilate if the overall flavor representation
of the meson is nontrivial, say, the meson is in adjoint.

In a forthcoming publication [28] we will compare the
r-duality with Seiberg’s duality [22,23].

To this end we will consider a generalization [29] of
Seiberg’s duality to » vacua (originally Seiberg’s duality
was formulated for the monopole r = 0 vacua). In the r =
N vacuum our dual gauge group U(v = N — r) coincides
with Seiberg’s dual group U(N, — N). Moreover, in this case
Seiberg’s dual superpotential has a classical vacuum.

We will show that, upon integrating out heavy mesonic
M-fields, this superpotential coincides with our dual super-
potential obtained in [9], while Seiberg’s *““dual quarks” in
fact reduce to our quarklike dyons DA,

At the same time, in the window %N ¢ <r <N vacuaour
r duality does not match Seiberg’s duality. Our dual theory
has the U(v) gauge group instead of U(N; — N) and a
different superpotential for light matter. Our dual theory
does have a supersymmetric classical vacuum and, in a
certain regime (with small £), stays at weak coupling.
Thus, it is appropriate to speak of triality.

For the r vacua in the range 3N, < r < N Seiberg’s dual
superpotential has no supersymmetric classical vacua if the
quark mass terms are nonvanishing. Integrating out
Seiberg’s “dual quarks” one obtains a continuation of
the Afleck-Dine-Seiberg superpotential [30] to N, > N.
This superpotential correctly reproduces the quark and
gaugino condensates and gives the correct number of the
quantum vacua [29,31].

We interpret this as follows [28]. In the r vacua in the
range %N r <r <N the generalized Seiberg dual theory is
in fact in the strong coupling regime and therefore is not
useful in describing low-energy physics in its entirety.
However, it does describe the chiral sector in the sense of
the Veneziano—Yankielowicz effective superpotential [32]
(which is not a genuine low-energy superpotential).
Namely, chiral condensates are correctly reproduced. The
spectrum of excitations is not.

Low-energy physics in the r vacua is described (in the
range %N + < r < N) by weakly coupled r-dual theory with
the dual gauge group U(v =N, —r) rather than U(N;—N).

We also show in [28] that classical supersymmetric
vacua of Seiberg’s dual theory detected in [29,31] corre-
spond to smaller r, namely, to » < (N, — N). In this range
Seiberg’s dual theory is at weak coupling and hence de-
scribes low-energy physics in full. This range, however, is
beyond the scope of the present paper.

In this paper we only consider the r-vacua in the range
(1.1). The detailed study of the r-vacua with r = %N ¢ 18
left for future work. Still, we make a few qualitative com-
ments about these vacua. Our picture suggests that we have
a conformal window in the r-vacua in the range
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1 =r= % N,
3T TR
This means that even if we take N =1 SQCD with
N <Ny < %N , the r-vacua in the range (1.4) are described
by a conformal theory in the IR.

Ifr< %N f then Eq. (1.2) gives v = r; therefore, there is
no crossover transition upon reducing £. The dual theory
has the same gauge group U(r) as the original one. This
suggests that in the dual theory we have a regular Higgs
phase for quarks, and “‘instead-of-confinement” mecha-
nism does not work. Quarks and gauge bosons at strong
coupling are just Higgs-screened, rather than transformed
into stringy mesons of the type shown in Fig. 1 or Fig. 2.

A problem for future studies is extrapolating our con-
struction of r duality to r = %N ¢ and comparing it in this
range with Seiberg’s duality, in particular, of importance is
the range r < (Ny — N) where the Seiberg’s dual theory is
at weak coupling.

The paper is organized as follows. In Sec. II we describe
our basic theory, u-deformed N = 2 SQCD.2 In Sec. 111,
as a preparation for original explorations, we summarize
what is known about the non-Abelian duality and “instead-
of-confinement” mechanismin the » = N vacuum. Then, in
Sec. 1V, we proceed to the r-duality. We consider the
Seiberg—Witten curve and derive Eq. (1.2). Section V is
devoted to a thorough study of the r = N — 1 vacuum. In
this particular example we describe in detail the low-energy
theory at large ¢ and in the small-u limit. The passage to
still smaller r becomes qualitatively clear. In Sec. VI we
reduce ¢ and calculate the light dyon charges in the dual
theory. Monopole confinement is demonstrated. We present
the action of the dual theory and use exact Seiberg—Witten
curves to calculate the vacuum expectation values (VEVs)
of the dyon fields. In Sec. VII we increase the value of the
deformation parameter w, decouple the adjoint matter and
derive effective superpotential for light non-Abelian dyons.
Section 8 summarizes our conclusions. In Appendices A, B,
C, and D we present calculational details of our analysis.

(1.4)

II. BASIC MODEL: u-DEFORMED N = 2 SQCD

The gauge symmetry of our basic model is U(N) =
SU(N) X U(1). In the absence of deformation the model
under consideration is N =2 SQCD with N, massive
quark hypermultiplets. We assume that Ny > N but N, <
%N . The latter inequality ensures that the dual theory can
be infrared-free.

In addition, we will introduce the mass term w for the
adjoint matter breaking N = 2 supersymmetry down to
N =1.

The field content is as follows. The N =2 vector multi-
plet consists of the U(1) gauge field A, and the SU(N) gauge
field A9, where a = 1,..., N*> — 1, and their Weyl fermion

2For a detailed review of this model see [17].
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superpartners plus complex scalar fields @, and a“ and their
Weyl superpartners, respectively. The Ny quark multiplets
of the U(N) theory consist of the complex scalar fields g%
and § 4, (squarks) and their fermion superpartners—all in the
fundamental representation of the SU(N) gauge group. Here
k=1,..., N is the color index while A is the flavor index,
A=1,...,N;. We will treat ¢** and G, as rectangular
matrices with N rows and N columns.

Let us first discuss the undeformed N° = 2 theory. The
superpotential has the form

W, = \/_Z< GaAqt + G ATg?

1
+ i) @.1)
where A and A“ are chiral superfields, the N =2
superpartners of the gauge bosons of U(1) and SU(N),
respectively.
Next, we add a mass term for the adjoint fields which
breaks N = 2 supersymmetry down to N = 1,

N
wbr = _&sz\2

=175 (2.2)

LA,
2

where po and w is are mass parameters for the chiral

superfields in N = 2 gauge supermultiplets, U(1) and

SU(N), respectively.® In this paper we will consider the

single-trace perturbation which amounts to choosing

such, that the parameter

2 B _

N (2.3)

y=1-

Clearly, the mass term (2.2) splits the N = 2 supermul-
tiplets, breaking N° = 2 supersymmetry down to N = 1.

The bosonic part of the action of our basic theory has the
form (for details see [17])

- [ L

+?|aﬂa|2 IV, P+ IV, 32+ V(qA,qA,aa,m].
1

1 1
+-—(F,,)?*+—5ID,a"
a2 Tk

(2.4)
Here D, is the covariant derivative in the adjoint repre-
sentation of SU(N), while
i .
V,=9,— EA"“ — AT (2.5)

acts in the fundamental representation. We suppress the
color SU(N) indices of the matter fields. The normalization
of the SU(N) generators T is as follows

3Without loss of generality one can assume them to be real.
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1
Tr (T9T?) = 55“’.
The coupling constants g, and g, correspond to the U(1)
and SU(N) sectors, respectively. With our conventions, the
|

2 _\2
Vighquaa) =52 atas + g1t - ) +

1
82

2 oW,
+ 811 Gugt + 25
2 da

Here f°’¢ denote the structure constants of the SU(N)
group, my, is the mass term for the A-th flavor, and the
sum over the repeated flavor indices A is implied.

The vacua of the theory (2.4) are determined by the zeros
of the potential (2.6). In general, the theory has a number of
the so-called r-vacua, in which (quasiclassically) r squarks
condense. Later we will show that this quasiclassical analy-
sis is valid if we require the parameter £ ~ um to be large,
with m being a typical scale of the quark masses. The
overall range of variation of r is r =0, ..., N. Say, the
r = 0 vacua (there are N such vacua) are always at strong
coupling. These are in fact the monopole vacua of [2,3].

III. DUALITY IN THE r = N VACUUM

In this section we will briefly review non-Abelin duality
in the r = N vacua established in [8,9,19]. These vacua
have the maximal possible number of condensed quarks,
r = N. Moreover, the gauge group U(N) is completely
Higgsed in these vacua, and, as a result, they support
non-Abelian strings [11-14]. The occurrence of these
strings ensures confinement of the monopoles in these
vacua.

First, we will assume that w is small, much smaller than
the quark masses

o <K |myl, A=1,... 3.1

A. Vacuum structure at large &

Now we assume that our theory is at weak coupling, so
that we can analyze it quasiclassically. With generic values
of the quark masses we have

N — Ny :
CNf NN, — N)! 3.2)
isolated r-vacua in which r = N quarks (out of Ny) de-
velop vacuum expectation values (VEVs). Consider, say,
the vacuum in which the first N flavors develop VEVs, to
be denoted as (1, 2. .., N). In this vacuum the adjoint fields
develop VEVs too, namely,

PHYSICAL REVIEW D 86, 025001 (2012)

U(1) charges of the fundamental matter fields are +1/2,
see Eq. (2.5).

The scalar potential V(g*, G4, a“, a) in the action (2.4) is
the sum of D and F terms,

2
81, - . = - 1 W, |2
S @nq" = 0a7"V +285 | 4T " + ul

V2 da’

N
2 ] & _
+§ E {l(a + \/EmA +2T%a%) g |> + |(a + \/EmA +2T%a%)§*|*}. (2.6)
A=l

] m1 0
Oy=——|... ... ...} 33
(D) 75 (3.3)
0 mpy
where
1
b = Ea + T%“. 3.4

For generic values of the quark masses, the SU(N) sub-
group of the gauge group is broken down to U(1)N~!,
However, in the special limit of equal masses,

my=my=..=my, 3.5)

the adjoint field VEVs do not break the SU(N) X U(1)
gauge group. In this limit the theory acquires a global
flavor SU(N) symmetry.

With all quark masses equal (and limiting ourselves to
the leading order in w), the mass term for the adjoint matter
(2.2) reduces to the Fayet—Iliopoulos F-term of the U(1)
factor of the SU(N) X U(1) gauge group, which does not
break N = 2 supersymmetry [5,7]. Higher orders in the
parameter u break N = 2 supersymmetry by splitting all
N = 2 multiplets.

If the quark masses are unequal the U(N) gauge group is
broken down to U(1)" by the adjoint field VEVs (3.3).

Using (2.2) and (3.3) it is not difficult to obtain the quark
field VEVs from Eq. (2.6). Up to a gauge rotation they can
be written as [33]

. VE ... 0 0O ... 0
KAy — (FkAy — _©

(g =@ sl o )

0 ... Jé&y O ... O
k=1,...,N, A=1,...,Ny (3.6)
where we present the quark fields as matrices in the
color (k) and flavor (A) indices. The Fayet-Iliopoulos
F-term parameters for each U(1) gauge factor are given

(in the quasiclassical approximation) by the following
expressions:

prZ,Lme, P:L,N (37)

While the adjoint VEVs do not break the SU(N) X U(1)
gauge group in the limit (3.5), the quark condensate (3.6)
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does result in the spontaneous breaking of both gauge and
flavor symmetries. A diagonal global SU(N) combining
the gauge SU(N) and an SU(N) subgroup of the flavor
SU(N;) group survives, provided that the quark masses are
equal. This is color-flavor locking. Below we will refer to
this diagonal global symmetry as to SUN) ¢ p.

Thus, the pattern of the color and flavor symmetry
breaking is as follows:

U(N)gauge X SU(Nf)flavor - SU(N)C+F X SU(Nf - N)F
X U(1). (3.8)

Here SU(N) ., r is a global unbroken color-flavor rotation,
which involves the first N flavors, while the SU(N; — N)
factor stands for the flavor rotation of the (N, — N) quarks.
As we will see shortly, the global symmetry of the dual
theory is, of course, the same, albeit the physical origin is
different. The presence of the global SU(N)c.p group is
instrumental for formation of the non-Abelian strings
[11-14,33]. Tensions of N elementary strings are deter-
mined [33] by the parameters £p, see (3.7),

Tp = 2m|pl. (3.9

Since the global (flavor) SU(N) group is broken by the
quark VEVs anyway, it will be helpful for our purposes to
consider the following mass splitting:

mp = mpi, _mK:Am (310)

Mg = Mg, mp
where
PPP=1..N ad KK =N+1..N;. (311

This mass splitting respects the global group (3.8) in the
(1,2,..., N) vacuum. Moreover, this vacuum becomes
isolated. No Higgs branches develop. We will often focus
on this limit below in this section.

Now, let us briefly discuss the perturbative excitation
spectrum. Since both U(1) and SU(N) gauge groups are
broken by the squark condensation, all gauge bosons
become massive.

To the leading order in w, N = 2 supersymmetry is not
broken. In fact, with nonvanishing &p’s (see Eq. (3.7)),
both the quarks and adjoint scalars combine with the gauge
bosons to form long N = 2 supermultiplets [7], for a
review see [17]. In the limit (3.10) £p = €, and all states
come in representations of the unbroken global group (3.8),
namely, in the singlet and adjoint representations of
SUN) ¢+ r

(1,1, (N*—1,1), (3.12)
and in the bifundamental representations

We mark representations in (3.12) and (3.13) with respect
to two non-Abelian factors in (3.8). The singlet and adjoint
fields are (i) the gauge bosons, and (ii) the first N flavors of
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the squarks ¢** (P = 1, ..., N), together with their fermion
superpartners. The bifundamental fields are the quarks g*%
with K=N+1,.. . Ng. These quarks transform in the
two-index representations of the global group (3.8) due to
the color-flavor locking. Singlet and adjoint fields have
masses of order g+/&, while masses of bifundamental fields
are equal to Am.

The above quasiclassical analysis is valid if the theory is
at weak coupling. This is the case if the quark VEVs are
sufficiently large so that the gauge coupling constant is
frozen at a large scale. From (3.6) we see that the quark
condensates are of the order of ,/um (see also [2,3,21,29]).
The weak coupling condition reduces to

Jpm > A,

where A, is the scale of the N =2 theory, and
we assume that all quark masses are of the same order
my ~ m. In particular, the condition (3.14), combined with
the condition (3.1) of smallness of w, implies that the
average quark mass m is very large.

(3.14)

B. Dual theory

Now we will relax the condition (3.14) and pass to the
strong coupling domain at

IWérl < Ancs,

still keeping w small.

In [8,9] it was shown that the theory (2.4) in the r = N
vacuum undergoes a crossover transition as the value of &
decreases. The domain (3.15) can be described in terms of
weakly coupled (infrared-free) dual theory with with the

gauge group

[my| < Aprep, (3.15)

U(N; — N) X U(1)2V=Ny, (3.16)

and N flavors of light dyons.*

Light dyons D' (I=1,...,(N; — N) and A=1,...,Ny)
are in the fundamental representation of the gauge group
SU(N; — N) and are charged under the Abelian factors
indicated in Eq. (3.16). In addition, there are (2N — Ny) light
dyons D’ (J=(N;— N +1),...,N), neutral under the
SU(N; — N) group, but charged under the U(1) factors.

The dyon condensates are as follows:

0...0 J& ... 0
(DAY= (D" :715 ......... ,
O 0 0 1'§(Nf—N)

(3.17)

“Previously the SU(N r — N) gauge group was identified [21]
as dual on the Coulomb branch at the root of the baryonic Higgs
branch in the N = 2 supersymmetric SU(N) Yang—Mills theory
with massless quarks.
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&
>

(Dy=(D"y= J=(N;=N+1),..,N. (3.18)
The most important feature apparent in (3.17), as compared
to the squark VEVs in the original theory (3.6), is a

“vacuum leap” [8],

(1,...,N)\/é—f>>AN:2
—-(N+1L...,N,(N;— N+ 1)""’N)\/E<<AN=2‘

(3.19)

In other words, if we pick up the vacuum with nonvanish-
ing VEVs of the first N quark flavors in the original theory
at large &, Eq. (2.4), and then reduce ¢ below A Ar—,, the
system goes through a crossover transition and ends up in
the vacuum of the dual theory with the nonvanishing VEVs
of (N; — N) last dyons (plus VEVs of (2N — N) dyons
that are SU(N, — N) singlets).

The Fayet—Iliopoulos parameters &p in (3.17) and (3.18)
are determined by the quantum version of the classical
expressions (3.7) [33]. Defining

1 k
uk=<Tr(§a+T“a“) >, k=1,...,N,

we perform a quantum generalization in the two relevant
terms in the third line of the potential in (2.6),

(3.20)

IWee _, auzy awbr_)lu% 321
da da’ da da
From this we obtain [33]
ép = —2V2uEp, (3.22)

where Ep (P = 1,..., N) are the diagonal elements of the
N X N matrix

Ly (3.23)
N da da®
Here T¢ are the Cartan generators of the SU(N) gauge
group (the subscript @ runs over @ = 1, ..., (N — 1)).

The parameters Ep are expressible in terms of the roots
of the Seiberg—Witten curve. Namely, in the given r = N
vacuum they are [33]

Ep=ep, P=1.. N, (3.24)

where ep are the double roots of the Seiberg—Witten
curve [21],

N A \2N-N; M m
2 _ 2 N=2 ! A
Y ,,Ul(" ér) 4( ﬁ) Al_ll(”ﬁ)’ (3:25)

while ¢p are gauge invariant parameters on the Coulomb
branch.

In the » = N vacuum the curve (3.25) has N double roots
and reduces to

PHYSICAL REVIEW D 86, 025001 (2012)

N
¥ =[]& e (3.26)
P=1
where quasiclassically (at large masses) ep’s are given by
the mass parameters, \/561) ~-—-mp(P=1,...,N).
Thus, the dyon condensates at small ¢ in the r = N
vacuum are determined by

gp = _2\/5/.L€p.

We will see below that the expressions (3.6), (3.17), and
(3.22) are quite general and valid also for the » < N vacua,
while the relation (3.24) gets modified in the » < N vacua.

As long as we keep £p and masses small enough (i.e. in
the domain (3.15)) the coupling constants of the infrared-
free dual theory (frozen at the scale of the dyon VEVs) are
small: the dual theory is at weak coupling.

At small masses, in the region (3.15), the double roots of
the Seiberg—Witten curve are

(3.27)

2771

\/§€1=_m1+1\/, \/EeJ=AN_zexp<m

J) (3.28)

for 2N — Ny > 1, where

I=1,...,(N;=N) and J=(N;—=N+1),....N. (3.29)

In particular, the (N, — N) first roots are determined by the
masses of the last (N, — N) quarks—a reflection of the fact
that the non-Abelian sector of the dual theory is not asymp-
totically free and is at weak coupling in the domain (3.15).

C. “Instead-of-confinement” mechanism

Now, let us consider either the equal quark masses or the
special choice (3.10). Both, the gauge group and the global
flavor SU(N) group, are broken in the vacuum. In the case
of (3.10) the flavor SU(N ) group is explicitly broken down
to SU(N) X SU(N; — N) by masses. However, the color-
flavor locked form apparent in (3.17) under the given mass
choice guarantees that the diagonal global SUN; — N)c ¢
symmetry survives. More exactly, the unbroken global
group of the dual theory is

SU(N)p X SUN; — N)cip X U(1). (3.30)

The SUN r—N )c+ F factor in (3.30) is a global unbroken
color-flavor rotation, which involves the last (N; — N)
flavors, while the SU(N) factor stands for the flavor rota-
tion of the first N dyons.

Thus, color-flavor locking takes place in the dual theory
too. In much the same way as in the original theory, the
presence of the global SU(N; — N)cyp symmetry is the
reason behind formation of the non-Abelian strings. Their
tensions are still given by Eq. (3.9), where the parameters
&p are determined by (3.27) [9,33]. For generic quark

masses the global symmetry (3.8) is broken down to
UM,
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In the equal mass limit, or given the special choice (3.10),
the global unbroken symmetry (3.30) of the dual theory at
small £ coincides with the global group (3.8) which manifests
itself in the r = N vacuum of the original theory at large £.

Note, however, that this global symmetry is realized in
two very distinct ways in the dual pair at hand. As was
already mentioned, the quarks and U(N) gauge bosons of
the original theory at large ¢ come in the following repre-
sentations of the global group (3.8):

(L1,

At the same time, the dyons and U(N; — N) gauge bosons
of the dual theory form

(1) 1)’ (1) (Nf - N)z - 1)’
(N.(N, - ), and (N,(N, — N)

(N*—=1,1), (N,(N;—N)), and (N,(N;—N)).

representations of (3.30). We see that the adjoint represen-
tations of the (C + F) subgroup are different in two theo-
ries. How can this happen?

The quarks and gauge bosons which form the adjoint
(N? — 1) representation of SU(N) at large & and the dyons
and gauge bosons which form the adjoint (N, — N2 —-1)
representation of SU(N; — N) at small ¢ are, in fact,
distinct states. The (N> — 1) adjoints of SU(N) become
heavy and decouple as we pass from large to small &
along the line ¢ ~ Aar—,. Moreover, some composite
((N; — N)* — 1) adjoints of SU(N; — N), which are heavy
and invisible in the low-energy description at large ¢
become light at small ¢ and form the D' dyons
(K=N+1,...,N;) and gauge bosons of U(N; — N).
The phenomenon of the level crossing takes place.
Although this crossover is smooth in the full theory, from
the standpoint of the low-energy description the passage
from large to small ¢ means a dramatic change: the low-
energy theories in these domains are completely different;
in particular, the degrees of freedom in these theories are
different.

This logic leads us to the following conclusion [8]. In
addition to light dyons and gauge bosons included in the
low-energy theory at small £ we must have heavy fields
which form the adjoint representation (N> — 1, 1) of the
global symmetry (3.30). These are screened quarks and
gauge bosons from the large-¢ domain.

As has been already noted in Sec. I, at small ¢ they
decay into the monopole-antimonopole pairs on the curves
of marginal stability (CMS).” This is in accordance with

5An explanatory remark regarding our terminology is in order.
Strictly speaking, such pairs can be formed by monopole-
antidyons and dyon-antidyons as well, the dyons carrying root-
like electric charges. In this paper we refer to all such states
collectively as to ““monopoles.” This is to avoid confusion with
dyons which appear in Eq. (3.17). The latter dyons carry weight-
like electric charges and, roughly speaking, behave as quarks,
see [8] for further details.
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the results obtained in [2,3,34] for N = 2 SU(2) gauge
theories, on the Coulomb branch at vanishing £. For the
theory at hand this picture was established in [19]. The
general rule is that the only states that exist at strong
coupling inside CMS are those which can become massless
on the Coulomb branch [2,3,34]. For our theory these are
light dyons shown in Eq. (3.17), gauge bosons of the dual
gauge group and monopoles.

At small nonvanishing values of ¢ the monopoles and
antimonopoles produced in the decay process of the adjoint
(N? — 1, 1) states cannot escape from each other and fly off
to asymptotically large separations because they are con-
fined. Therefore, the (screened) quarks or gauge bosons
evolve into stringy mesons in the strong coupling domain
of small &-the monopole-antimonopole pairs connected
by two strings [8,9], as shown in Fig. 1. This is what we
call “instead-of-confinement” mechanism for quarks and
gauge bosons.

D. r = N Duality at large u

From Eqgs. (3.17), (3.22), and (3.28) we see that the
VEVs of the non-Abelian dyons D™ are determined by
/m and are much smaller than the VEVs of the Abelian
dyons D’ in the domain (3.15). The latter are of the order of
VA n—>. This circumstance is most crucial for us. It
allows us to increase w and decouple the adjoint fields
without spoiling the weak coupling condition in the dual
theory [9].

Now we assume that

[ > |myl, A=1...,Np (3.31)

The VEVs of the Abelian dyons become large at large u.
This makes U(1) gauge fields of the dual group (3.16)
heavy. Decoupling these gauge factors, together with the
adjoint matter and the Abelian dyons themselves, we ob-
tain the low-energy theory with the

U(Nf - N) (3.32)

gauge fields and the non-Abelian dyons D4 (I=1,...,
N = N,A=1...,N f). For the single-trace perturbation
(2.2) with y = 0 the superpotential for D** has the form [9]

W — —i(ﬁADB)(IjBDA) +my(D,DY),  (333)

where the color indices are contracted inside each
parentheses.
The minimization of this superpotential leads to the

dyon VEVs,

0..0 V& ... 0

1

0 .. 0 0 ... féw,-m

(D) =(D") =
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where those &’s that enter Eq. (3.34) (cf. Equation (3.17))
are of the order of wm, see (3.28). Other £&’s (see Eq. (3.18))
become irrelevant, since all U(l) gauge fields become
heavy at large u and decouple.

Below the scale u our theory becomes dual to N = 1
SQCD with the scale

IN—N;
X 3N-2N, _ DPN=2
A r = W (3.35)
The only condition we impose to keep this infrared-free

theory in the weak coupling regime is

| /em| < A.

This means that at large © we must keep the quark masses
sufficiently small.

We would like to stress that if VEV’s of dyons were all of
order of /s A ar—,, it would not be possible to decouple the
adjoint matter keeping the dual theory at weak coupling.
Once we increased u above the scale {/ w A Ar—,, we would
get that these VEVs are much larger than A, which breaks
the weak coupling condition in the dual theory. Thus, the
non-Abelian structure present in the dual theory is the most
important element of the continuation to large .

To summarize, at large p and small & the original
N = 1SQCD in the r = N vacuum goes through a cross-
over transition at strong coupling. In the domain (3.36)
it is described by the weakly coupled infrared-free dual
theory, U(N; — N) SQCD, with N, light dyon flavors.
Condensation of the light dyons D' in this theory triggers
formation of the non-Abelian strings and confinement of
monopoles. For quarks and gauge bosons of the original
N =1 SQCD we have an ‘instead-of-confinement”
phase: they decay into the monopole-antimonopole pairs
on CMS and form stringy mesons shown in Fig. 1.

(3.36)

IV. r-DUALITY

Now we are finally ready to turn to the main topic of this
paper—the study of the » < N vacua. First we consider the
small-u domain in which the theory is close to the N = 2
limit. Our task is to analyze the transition from large to
small ¢. In much the same way as in [8] we will do this in
two steps. First, we will assume the quark mass differences
to be large. In this domain the theory stays at weak cou-
pling, and we can safely decrease the value of the parame-
ter £. Next, we will use the exact Seiberg—Witten solution
of the theory on the Coulomb branch [2,3] (i.e. at £ — 0) to
perform the passage from the domain of the large quark
mass differences to the domain of the small quark mass
differences.

With large mass differences, the quark sector of the
theory in the r-vacuum is at weak coupling and can be
analyzed semiclassically. The number of the r-vacua with
r < N in our theory is [29]
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Nyl
(N =nCy, =N = r———,

r(Ny —r)! “.1)

i.e. is equal to the number of choices one can pick up r
quarks which develop VEVs (out of N, quarks) times the
Witten index (the number of vacua) in the classically
unbroken SU(N — r) pure gauge theory.

Below we consider a particular vacuum where the first r
quarks develop VEVs (cf. Sec. IIl), to be labeled by
(1, ..., r). Quasiclassically at large mass differences the
VEVs of the adjoint scalars are given by

1 1
diag| —a + T%a“ >%——m,...,m,,0,...,0,

where the first  diagonal elements are proportional to the
quark masses, while the last (N — r) entries classically
vanish. In quantum theory they become of order of A 5r—,.

Now we have to identify this vacuum in terms of the
Seiberg—Witten curve. In our theory (2.4) it has the form [21]

4.2)

N A w-n, N
2 _ _ 2 N=2 ! my
o § R 4( - ) H(H ﬁ), 3)

where ¢, are gauge invariant parameters on the Coulomb
branch. Semiclassically,

1
dlag (Ea + T“a“) ~ [¢1, ey (rbN] (44)
Therefore, in the (1, ..., r) quark vacuum we have
mp
(bpz_—, P=l,...,r,
V2 4.5)
dp ~ A, P=r+1...,.N

in the large m, limit, see (4.2).

To identify the » < N vacuum in terms of the curve (4.3)
it is necessary to find such values of ¢p which would
ensure the curve to have N — 1 double roots. r parameters
¢ p’s are determined by the quark masses in the semiclas-
sical limit, see (4.5). N — 1 double roots are associated
with r condensed quarks and N — r — 1 condensed mono-
poles. Altogether, N — 1 condensed states.

In contrast, in the r = N vacuum we have the maximal
possible number of the condensed states (quarks), namely, N
in U(N) theory. This difference is related to the presence
of the unbroken U(1) gauge group in the r < N vacua [24].
In the classically unbroken (after quark condensation)
U(N —r) gauge group N —r—1 monopoles condense at
the quantum level, thus breaking the non-Abelian
SU(N —r) subgroup. One U(1) factor remains unbroken
because the monopoles do not interact with it.

Now we pass to the limit of the equal quark masses (3.5)
and address the following question. What is the maximal
number of ¢’s which are determined by the quark masses
exactly, without A 5-—, corrections? Let us denote this
number by v. Let us rewrite the curve (4.3) as
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2v N
2 _ m 2
e (e P
\/z k=v+1

I S AT

where the first » ¢’s are given by

m
= ——, P=1...,v 4.7
¢P \/5 ( )
This curve has v double roots located at
=7 P=1..,» (4.8)

e i
)
Now, the reduced curve in the curly brackets has
(N — v) colors and (N — 2v) flavors. If the maximal
number of quarks (all of them) condense in this reduced
theory, the rank of the classically unbroken gauge group
would be (N — ») — (Ny — 2v). This number should be
equal to the rank of the classically unbroken group in the

r-vacuum of the full theory. This gives
(N—v)—(N;—2v)=N—r, 4.9)

which entails

v=N;—r (4.10)

Note, that the number of flavors in the reduced
curve should be, of course, non-negative. This gives N =
2v=0or

For smaller r it is obvious that » = r. Thus, we arrive at

N,

<= r

V: r’ r_2
N

Nf—r, r>—f

2

(4.11)

The main feature of the solution (4.7) is the absence of
O(A pr—,) corrections to the first ¥ ¢’s. This means that in
the equal mass limit these v ¢’s become equal. This is a
signal of restoration of the non-Abelian SU(v) gauge
group, i.e. the gauge group of the dual theory at small €.

Namely, the dual gauge group in the equal mass limit
becomes

U(r) X UV (4.12)

This is in perfect agreement with the results obtained in
[21,29] where non-Abelian gauge groups were identified at
the roots of the nonbaryonic Higgs branches in the SU(N)
gauge theory with the massless quarks.

The novel element of our analysis presented in this section
is that we started from the non-Abelian 7-vacuum at large &
and demonstrated that, as we reduce £, the theory in this
vacuum undergoes crossover to a different non-Abelian
regime, with the dual low-energy gauge group (4.12).
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As was already mentioned, the physical reason for the
emergence of the non-Abelian gauge group is that the low-
energy effective theory with the dual gauge group (4.12) is
infrared-free in the equal mass limit and stays at weak
coupling. Therefore, the classical analysis showing that the
non-Abelian gauge group is restored in the equal mass limit
remains intact in quantum theory.

As was already mentioned, we interpret (4.11) as
a crossover transition with respect to the parameter £. If
r > N;/2 the rank of the dual non-Abelian gauge subgroup
SU(v) at small ¢ is different from the rank of the original
non-Abelian subgroup SU(r). This difference imply a
“vacuum leap” (see Secs. III B and VIB) and occurrence
of “instead-of-confinement” mechanism.

For r < Ny /2 there is no crossover.

V.r = N — 1 VACUUM AT LARGE ¢
Our main example of the r vacuum in this paper is
r=N-—1, (5.1)

in the theory (2.4). We will use the same strategy as for the
study of the r = N vacuum: first assume that g is small
and the theory is close to the N = 2 limit, so we can use
the exact Seiberg—Witten solution valid near the Coulomb
branch. We will study the crossover from the large-&
domain where the low-energy gauge group is

U(r =N — 1) X U(1)wbr (5.2)

to the small-¢ domain where the dual theory has the gauge
group

Uy =N;— N+ 1) X UV "I x U, (5.3)

At the last stage we will increase w thus decoupling the
adjoint matter.

Although in this paper we mostly consider the r = (N — 1)
vacuum as a particular example of » < N vacua in the theory
(2.4), we believe that our results are general and can be
applied to all r vacua.

We also note, that while we keep p small to ensure the
proximity of the theory at hand to the N = 2 limit, we
need a weaker condition to have a crossover into strong
coupling, namely r > N /2, see (4.11). At the last stage, in
Sec. VII, we make u large and assume that r > %N, in
order to keep the dual N = 1 theory infrared-free.

A. Low-energy theory

The low-energy theory in the r = N — 1 vacuum at
large ¢ is presented in Appendix A. It includes non-
Abelian gauge fields AZ m=1,...,r2—1) as well as
Abelian fields A, and Aff_l. The last one is associated
with the last Cartan generator of the SU(N) group. These
fields have scalar /N = 2 superpartners a”, a and aV' -l
Light matter consists of quarks ¢ (k =1, ..., r). Note,
that all non-Abelian gauge fields from the sector
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SU(N)/SU(r) are heavy and decouple in the large
mass limit due to the structure of the adjoint VEVs (4.2).
Also g™ quarks are heavy and not included in the low-
energy theory.

The potential (A3) determines the vacuum structure in
the r = N — 1 vacuum. The adjoint VEVs have the form

(diag(®)) = —

=My, ..., My— ;O> 5.4
\/-2—[ 1 N—1,0] 5.4
while the (s)quark VEVs are
. V& ... 0 0.0
KA\ — (SKA\ —
(") =< N ,
0 ... én-1y O 0 (5.5)

k=1,...(N=1), A=1,...,N,

where now the first (N — 1) parameters & are given quasi-
classically by (3.7) while

&v=0.

The last condition reflects the fact that the N-th quark is
heavy and develops no VEV.

To see that this is the case we can use the general
formula (3.22) for £’s where the quasiclassical expression
for the matrix E reduces to

(5.6)

L
\/E my, ..

As is seen from Eq. (A2), the quarks interact with a
particular linear combination of the U(1) gauge fields A,

and Aff’ !, namely,

2 2
A +1’—AN -l
EOYNN -1 #

The quark VEVs make this combination massive. The
orthogonal combination

[ 2 :
A, — AN
NN =1y # ¥

remains massless and corresponds to the unbroken U(1)U°r
gauge group.

In the equal mass limit the global flavor symmetry
SU(N) is broken in the r vacuum down to

diag (E) = (diag(®)) = — Lmy—1, 0] (5.7

(5.8)

5.9

SU(Mesr X SU(w = Ny — r)p X U(1). (5.10)

Now SU(r)cir is a global unbroken color-flavor
rotation, which involves only the first r flavors, while the
SU(» = N; — r)p factor stands for the flavor rotation of
the remainder of the quark sector.

Since the global (flavor) SU(N) group is broken by the
quark VEVs anyway, it is useful to consider the following
mass splitting:

PHYSICAL REVIEW D 86, 025001 (2012)
mp = mpr, mp —mg = Am,

P,P'=1,...r and K,K'=r+1,...,N,.

Mg = Mg,

(5.11)

This mass splitting respects the global group (5.10) in the
(1,2, ..., r) vacuum. This vacuum becomes isolated.

In much the same way as in the » = N vacuum, in the r =
N — 1 vacuum all states in the limit (5.11) come in repre-
sentations of the unbroken global group (5.10), namely, in
the singlet and adjoint representations of SU(r) ¢4 ,

(1, 1), (=11, (5.12)
and in the bifundamental representations
(7, v), (r, D). (5.13)

We mark representations in (3.12) and (3.13) with respect to
two non-Abelian factors in (5.10). The singlet and adjoint
fields are the gauge bosons, and the first r flavors of the
quarks ¢g*” (P = 1, ..., r). The bifundamental fields are the
quarks ¢g*"* with K = r +1,..., N;. Singlet and adjoint
fields have masses of order g+/€, where & is the common
value of the first r parameters £ in the limit (5.11), while the
bifundamental field masses are equal to Am.

The above quasiclassical analysis applies provided that
the theory is at weak coupling. The weak coupling condi-
tion is

WEl ~ | Jmml > A%_, (5.14)

where AB\]}:Z is the scale of the low-energy theory (Al)
determined by

ALY = N, 61

B. Strings and confinement of monopoles at large &

As quarks develop VEVs in the »r = N — 1 vacuum the
monopoles should be confined, in much the same way as
they are in the r = N vacuum. As was already mentioned,
the distinction is that a single U(1) factor of the gauge
group remains unbroken; therefore the associated magnetic
flux should be unconfined. In this section we will deter-
mine the elementary string fluxes in the classical limit at
large £ to show that the elementary monopole fluxes can be
absorbed by two strings. Hence, the monopoles are indeed
represented by the junctions of two different strings. The
exceptions are the monopoles Mpy (P = 1, ..., r) interpo-
lating between an P-th elementary string and the N-th
would-be string (which is in fact absent).

To make our discussion simpler we will consider here
(and, often, below) the theory with U(N = 4) gauge group
and N = 5 as an example,

N =4 Ny =35, r=3 v=2  (5.16)
In this case the low-energy theory (A1) has the gauge group
U(3) X U(1);5, where U(1),5 describes the gauge field

AN with N = 4.
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If the quark masses are unequal, the U(3) gauge group is
broken down to U(1)? and the non-Abelian strings become
Zy—4 Abelian strings, see [17] for more details.® Let us
calculate their fluxes. Charges of three quarks ¢4, k = 1,
2, 3 in (A1) can be written as

1 1 1 1
7 1= _,O;_,O;—,O— O »
i = (30 )

2 2
1 1 1
ﬁz=(—m—§ﬁ 0 @ (5.17)

—, 0; —, 0),
V3’246
respectively, where we use the notation

> 3 3 8 15 15
n = (ne! Ny Mgy Ny Ny, nma e )

(5.18)

and n, and n,, denote electric and magnetic charges of a
given state with respect to the U(1) gauge group, while 7},
n3,, nd, n® and n>, n> stand for the electric and magnetic
charges with respect to the Cartan generators of the SU(4)
gauge group (broken down to U(1)? by quark mass differ-
ences). In Appendix B for convenience we present weights
and roots of the SU(4) algebra. Quark charges correspond
to the weights of this algebra. Note, that the 4-th quark is
heavy and does not enter in the low-energy theory (Al).
Consider one of the Z, strings which is formed due to the
winding of the ¢'' quark at r — oo (see [8,17] for a more
detailed discussion of the construction of the non-Abelian

strings),
11 éia 2 é 33 é
T R -

see (5.5). Here r and « are the polar coordinates in the
plane i = 1, 2 orthogonal to the string axis. Note that in the
r = N = 4 vacuum there is one extra condition associated
with the fourth quark [8]. In the » = 3 vacuum this condi-
tion is absent. Egs. (5.19) imply the following behavior of
the gauge potentials at r — oo:

(5.19)

1A +]A3 ! A8 ! A15 9;

Ta i Las e Lgs g0

2 243 246

1 1 1 1

SAI T SA] oAl + o= AP ~0,

2 N RN (5.20)
1 1 1
—A; — =AY+ —AP ~0,
PN N

see the quark charges in (5.17). In the » = 3 vacuum we
have to supplement these conditions with one extra condi-
tion which ensures that the combination (5.9) of the gauge
potentials A and A15, which has no interaction with
quarks, is not excited, namely,

“One of these strings is absent in the r = 3 vacuum.
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\/LEAi — Al ~0. (5.21)
The solution to Egs. (5.20) is
A~~il8~a A3~ A8~ia~a A15~ia~a.
A Y N O
(5.22)

It determines the string gauge fluxes [dx;A;, [dx;A3,
Jdx;A3 and [dx;AL, respectively. The integration above
is performed over a large circle in the (1, 2) plane. Let us
call this string S;.

Next, we define the string charges [8] as

fdx (AD A A3D AS ASD AS AISD AIS)

3. 8 8. 15 ,15
Mips — e Nyys — N7, Ny )

= 4m(—n,, n,,; —n, (5.23)
This definition ensures that the string has the same charge
as a trial monopole which can be attached to the string
endpoint. In other words, the flux of the given string is the
flux of a trial monopole’ sitting on string’s end, with the
charge defined by (5.23).

In particular, according to this definition, the charge of

the string with the fluxes (5.22) is

2 1 1 2
7 = 0)7;0)7;0)7;0)7'
" ( 7772723 7\/6>

Since this string is formed through the quark condensation,
it is magnetic.

There are two other elementary strings S, and S3 which
arise due to winding of ¢??> and ¢ quarks, respectively.
Repeating the above procedure for these strings we get
their charges,

(5.24)

- 2 1 1 2
20 a2
- 2 1 2

nig, (0,7,0,0,0, \/507\/6)
Note, that the fourth string S, of the U(4) gauge group is
absent in the » = 3 vacuum since the fourth quark is heavy,
have no VEV and, therefore, can have no winding.

It is easy to check that each of the three elementary
SU(4) monopoles associated with first three roots of the
SU(4) algebra (see Appendix B) is confined by two ele-
mentary strings. Consider, say, two elementary monopoles
from the SU(r = 3) subgroup with the charges 7y, =

(0,0,0,1;0,0;0,0) and 7y, = (0,0;0, — ,O,{,O 0).
These charges can be written as a difference of the charges

of two elementary strings, namely,

(5.25)

"This trial monopole does not necessarily exist in our theory.
In the U(N) theories the SU(N) monopoles are rather string
junctions, so they are attached to two strings [8,13].
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fiy, = (0,0;0,1;0,0;0,0) = iig, — iig,,

N 1 3 L.
Ny, = (0,0;0, —5;0,7;0,0) = ng, — Hg,.

(5.26)

This means that each of these monopoles (at large £) is in
fact a junction of two strings, with one string having the
outgoing flux while the other incoming. The third M ;
monopole from the SU(r = 3) subgroup can be considered
as a bound state of two elementary ones in (5.26).

So far the monopole confinement in the r =N — 1
vacuum looks quite similar to that in the »r = N vacuum
[8]. The distinction becomes apparent once we consider the
SU(N = 4) monopole which does not belong to the
SU(r = 3) subgroup. Let us consider the M3, monopole
with charges

1 2
i =10,0;0,0;0, ———:0,4/= |
e ( NG \[3)

In the r = 4 vacuum this monopole is a junction of two
strings S3 and S4. In the r = 3 vacuum the S, string is
absent. Let us calculate the unconfined flux of the S; string
with the monopole M3, attached to its end. To this end
consider the difference

2+/6 1
ﬁunconf = ﬁS3 - ﬁM34 ZT\/—(O’_;O’ 0;0,0;0, — 1) (5.28)

V6

We see that the nd, charge is cancelled, and the resulting
charge is a source of the U(1) gauge magnetic field corre-
sponding to the following combination:

1
NG
This is exactly the field of the unbroken U(1)'""™" gauge
group, see (5.9).

Thus, the S5 string can terminate on the M5, monopole
producing a magnetic source for the unbroken U(1)ur
gauge field. All other monopole fluxes, in particular, all
non-Abelian fluxes from the SU(3) subgroup, are absorbed
and squeezed in the confining strings Sy, S, and S5.

The picture of the monopole confinement in the r = 3
vacuum is shown in Fig. 3.

To conclude this section let us determine the tensions of
three elementary strings in the r =3 vacuum. To the
leading order in u, close to the N° = 2 limit, these strings
are BPS saturated. The Bogomol’nyi representation for
non-Abelian strings stabilized by the Fayet—Iliopoulos
F-term is considered in [33]. The boundary terms in this
representation determine the string tensions,

(5.27)

—Ab, (5.29)

& ... 0 1
[dx,(EA, + TaA:z) . (530)
0 ... &y
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M, unbr

u(l)
My, /
S, S, /

Mas S; \
l/\\

—/

S, S3

)

¢

FIG. 3. The monopole confinement in the » = 3 vacuum. The
thick double lines denote strings, while the circles denote mono-
poles. Unconfined U(1) flux is shown by arrows.

The first diagonal matrix here is associated with quark
condensates determined by £’s, while the second matrix
linear in A’s represent the string flux. This formula is quite
general and applies to any vacuum. Say, in the r = N
vacuum the fluxes of the elementary Zy strings are [17,33]

1
fdx,- diag<§Ai + TaAg) =2m(0,...,1,0,...,0) (5.31)
Sp

with the only nonvanishing element located at the P-th
position, P = 1, ..., N. This implies the result [33] for the
tension of the P-th string quoted in (3.9).

In the » = 3 vacuum at hand the string fluxes are deter-
mined by Egs. (5.24) and (5.25). Thus, we have

1
fdx,- diag(EAi + T“A?)
S123

1 1 1
= 27Tdiag{(1, 0,0, —), (O, 1,0, —), ((), 01, —)} (5.32)
7 7 7

This gives the tensions for three elementary strings

T51,2,3 = 27751,2,3' (533)

Note, that the last (nonvanishing) element in (5.32)
(i.e. 1/7) does not contribute because of the condition
En=4 = 0.

We see that the string tensions in the r = N — 1 vacuum
are still determined by nonvanishing £’s, in much the same
way as in the r = N vacuum. In fact, we can fine-tune
the quark masses in such a way that the r = 3 vacuum
coalesces with the r = 4 vacuum (this amounts to taking
&, — 0). Then Egs. (3.9) and (5.33) show continuity of
string tensions.

VL. DUAL THEORY INTHE r = N — 1 VACUUM

Now we will decrease the parameter ¢ passing in the
domain of small ¢. Then the original theory (A1) finds
itself in the strong coupling regime. As we already ex-
plained in Sec. IV, (see also [8]) in order to study the
transition from large to small ¢ we first assume the quark
mass differences Amypz = m, — mp to be large,
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[Amypl > An—s.

In this domain the theory stays at weak coupling, and we
can safely decrease the value of £.

Next, we use the exact Seiberg—Witten solution of the
theory on the Coulomb branch [2,3] to pass from the
domain of the large quark mass differences to that with
small quark mass differences,

[Amypl < Apes.
In doing so we keep the quark masses themselves large,
[mal > Ap—s.

In this limit the non-Abelian subgroup of the low-energy
gauge group is U(r = N — 1) at large ¢ (see Sec. V) and,
therefore, the crossover to strong coupling as well as dual-
ity in the r-vacuum look very similar to the those in the
r = N vacuum in the U(N) theory studied in [8].

Summarizing, in this section we will assume the follow-
ing conditions for the dual theory:

IAmABI < AN:z,

|€pl < Ay

lmal > Apr—y,
|l < Apes. (61

To be more precise, the Seiberg—Witten curve factorizes
in the r = N — 1 vacuum in the folowing way [35]:

e T ()

=1 A=1

> >
|

1
(x = ep)2(x — ef)(x — ex).
1

(6.2)

v
I

It has r = (N — 1) double roots associated with the
quark condensation, so that for the large mass differences
ep’s are given by the mass parameters, Vep = —mp
(P=1,...,N —1). The last two roots (and ¢,) are of
order of A 5 —,. For single-trace deformation superpoten-
tial (2.2), with y = 0, (see (2.3)) their sum vanishes [35],

e +ey =0. (6.3)
This condition is equivalent to the following physical
condition:

&y = —2V2uEy =0, (6.4)

which is valid because the N-th quark is heavy; therefore, it
develops no VEV. We already obtained this condition in
the classical limit, (see (5.6)). Below we will see that it is
satisfied also in the quantum theory. The root e}, deter-
mines the value of the gaugino condensate [24].

Once Amypg < Ap—p (While my = m > Ap—p) x is
close to —m/ \/5 if we are interested in double roots of the
curve. Then the curve can be approximately written as
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r LE _n. Ny
2~ ﬂ)z{ (x— )2_4<AN—2)2’ Ny (XJF@)}
=) e =<(=5) T+
m\2 ~
=\—F7= (-x_e )Zr

where the parameter Alﬁzz is given in (5.15).

We see that the curve reduces to the curve for the
r-vacuum in the U(r) theory. Now we use the results
obtained in [8] where the transition to the strong coupling
(small Amyp) was studied in this case.

To conclude this subsection we present, as an illustra-
tion, the ¢ values and roots of the curve (6.2) for the
particular theory (5.16), in the limit of large masses (6.1).
In this limit ¢’s are

(6.5)

m1 2 1
=—-——2 ~——(my+ ALE_), =0, (6.6
d)l,Z \/-2' ¢3 \/z( 3 j\[_2) ¢4 ( )
while the roots have the form
e, = — 2 e3z—i(m3_ALE )
’ V2 V2 N=2
(6.7)

€4i = iw’2m3AI3\F;:2

Here we assume for simplicity that my=m; and ms = m,,
cf. [8]. We see that e , are exactly given by the masses (see
Sec. 1V), while ej is much smaller than the double roots.

A. Monodromies

In this section we will study how quantum numbers of
the massless quarks ¢'!,..., ¢'" in the (1, ..., r) vacuum
change as we reduce Am,p to pass from weak coupling to
the strong coupling domain along the Coulomb branch at
&E=0.

To simplify our discussion we will consider a particular
case (5.16) so that the dual group has the smallest non-
trivial rank » = 2. We will consider the (1, 2, 3) vacuum.
The monodromies upon reducing the quark mass differ-
ences for the (1, 2, 3); vacuum in the U(3) theory was
studied in [8]. As was explained above, we can use these
results for our r = 3 vacuum in the U(4) theory if we keep
m > An—s.

The quark quantum numbers change due to monodro-
mies with respect to Am,g. The complex planes of Amyp
have cuts, and when we cross these cuts, the a and ap fields
acquire monodromies; the quantum numbers of the corre-
sponding states change accordingly. The method used in
[8] to calculate the quark monodromies was the study of
the Seiberg—Witten curve of the theory in the proximity of
the Argyres—Douglas points [27] in Amyp variables. In
these AD points our (1, 2, 3) vacuum collides with the
monopole singularities. There are two relevant AD points
for the theory at hand [8]. The first one occurs at
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ek

where two double roots of the Seiberg—Witten curve (6.5)
coincide, while the second is at

Am3| = Alﬁzz, ey = e3 = (68)

_m
\/E’

where the other two double roots coincide. In these AD
points the monopoles M3 and M3, respectively, become
massless. In [8] it was shown that passing through these
AD points the quarks pick up magnetic charges of the
corresponding monopoles, while the monopoles do not
change their charges. As a result, below the AD points
the charges of the massless dyons are

Am32 = ALj\];:Q, €y = €3 = (69)

npt PRl ey e
D 2°72°272/3 2 726
1 1 1 1 3 1
’/_i2= _’0;__’__’—’_;—’0)’ (6.10)
b <2 2" 272372726
1

1 1
iy = (5:0:0.0:— 2, —E-2.0),
P (2 V3 2./6

see (5.17) and (B4). Here we adjust results of [8] taking
into account the presence of the extra charge along T' in
the U(4) theory. This amounts to just adding the quark
charges with respect to this Cartan generator in (6.10),
since the M, and M,; monopoles have no n)) charges, see
(5.17) and (B4).

Note, that as we decrease Am,p we do not encounter
other AD points in which the M p, monopoles (P = 1, 2, 3)
become massless. To approach these points one has to
reduce my, (see (6.7)), but we keep |m,| large at the
moment.

Two remarks are in order here. First, it is crucially
important to note that the massless dyons D' and D?
have both electric and magnetic charges 1/2 with respect
to the 73 generator of the dual U(» = 2) gauge group. This
means that they can fill the fundamental representation of
this group. Moreover, all dyons DA (I = 1,..., v = 2) can
form color doublets. This is another confirmation of the
conclusion made in Sec. IV, that the non-Abelian factor
SU(v = 2) of the dual gauge group gets restored in the
equal mass limit.

A general reason ensuring that the DA =1...,v
dyons fill the fundamental representation of the U(») group
is as follows: due to monodromies the D4 dyons pick up
magnetic charges of particular monopoles of SU(r). The
magnetic charges of these particular monopoles are repre-
sented by weights rather than roots of the U(v) subgroup
(=1/2 for U(v = 2), see (B4)). This is related to the
absence of the AD points associated with collisions of
the first v double roots, see (4.8). In other words, the
dual SU(») theory is infrared-free and no monopole singu-
larities occur in this subsector.
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The second comment is that the dyon charges with
respect to each U(1) generator are proportional to each
other. This guarantees that these dyons are mutually local.

B. “Vacuum leap”

In this section we will present the low-energy dual
theory for the r = N — 1 vacuum at small &. The gauge
group of the theory is indicated in (4.12). One of the
U(1) factors of this group corresponds to the unbroken
U(1)'r, The light matter sector consists of dyons which
carry weightlike electric charges as well as rootlike
magnetic charges. Non-Abelian dyons D4 (I=1,..., v,
A=1,...,Ny) are in the fundamental representation of
the SU(») dual gauge group. There are also dyon singlets
D’ (J=(v+1),...,r) charged with respect to the U(1)
factors of the dual gauge group. In the particular example
(5.16), the dyon charges were calculated in Sec. VI A. In
this example we have a doublet of the non-Abelian dyons
D' (I =1, 2) plus one singlet dyon D?3. The action of the
dual theory for this case is presented in Appendix C.

The potential of this theory determines the dyons VEVs.
In the generic r = N — 1 vacuum we have

' 0 ... 0 V& ... ©
_ U RIN &y
<D’>—<D>—\/;

(6.11)
In much the same way as in the r = N vacuum the most
important feature in (3.17) is a ““vacuum leap” [8],

(D) = (D) =

J=@w+1),...,r

(1’.._,,,)\/3»1\7\[:2—»(1’4- l,...,Nf,(V-l— 1),...,7)\/2<<AN:2.
(6.12)

In other words, if we pick up the vacuum with nonvanish-
ing VEVs of the first r quark flavors in the original theory
at large £, and then reduce £ below A 5—,, the system will
go through a crossover transition and end up in the vacuum
of the dual theory with the nonvanishing VEVs of v last
dyons (plus VEVs of (r — v) SU(») singlets).

The occurrence of this ‘“vacuum leap” was demon-
strated previously in [8] in a particular example of the
r =3 vacuum in the U(3) gauge theory with Ny =5
flavors. This was done as follows. The curve (6.5) was
studied with small mass differences Am, and Am,s. It was
shown that if at large (m3 —m;,) ¢, and e;, were
approximately given by —m,,/ 2, respectively, then at
small (m3 — m; ,) they approach —mys/+/2.

The &p parameters in (6.11) can be calculated from the
potential (C4), see also (C5). It turns out that they are still
determined by Eq. (3.22), in much the same way as in the
r = N vacuum, where the matrix E is given by (3.23).
However, for the r = N — 1 vacuum the relation (3.24)
between Ep and the roots of the Seiberg—Witten curve
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modifies. In Appendix D we consider the simplest example
of the r = 1 vacuum in the U(2) gauge theory to find this
relation. An obvious generalization of the result (D10) is

EP=\/(eP—e;{,)(ep—eX,), pP=1,..,

(N=1), Ey=0,

(6.13)

which leads to our final expressions for the dyon VEVs in
terms of the roots of the Seiberg—Witten curve,

&p = _2\5#\/(81) —ey)ep — ey),
P=1...,(N—-1), &y =0.

Note that, at small Amp, in the domain (6.1), the first v
roots are determined by the masses of the last v quarks,

V2e; = I=1,...,v (6.15)

(up to small corrections of order of Am?/A a—,). This is
because the non-Abelian sector of the dual theory is
infrared-free and is at weak coupling in the domain (6.1).
As long as we keep £p small the dual theory is at weak
coupling. For large masses (see (6.1)) this amounts to
making w sufficiently small.

(6.14)

My,

C. “Instead-of-confinement” mechanism
in the r = (N — 1) vacuum

The phenomenon of the “vacuum leap” ensures that we
have ‘““instead-of-confinement” mechanism for the quarks
and gauge bosons in the r = (N — 1)-vacuum, in much the
same way as in the r = N vacuum.

Indeed, consider the mass choice (5.11). Both, the gauge
group and the global flavor SU(N ) group, are broken in the
vacuum. However, the color-flavor locked form of (6.11)
shows that the unbroken global group of the dual theory is

SU () X SUW)erp X U(1). (6.16)

The SU(v) ¢4 factor in (6.16) is a global unbroken color-
flavor rotation, which involves the last v flavors, while the
SU(r)p factor stands for the flavor rotation of the first r
dyons.

In the equal mass limit, or given the mass choice (5.11),
the global unbroken symmetry (6.16) of the dual theory at
small ¢ coincides with the global group (5.10) in the
original theory at large £. However, again this global
symmetry is realized in two different ways in the dual
pair at hand. The quarks and gauge bosons of the original
theory at large & come in the (1, 1), (> — 1, 1), (7, v), and
(r, P) representations (see (5.12) and (5.13)), while the

dyons and U(») gauge bosons form
(1, 1), (1,2 —1) (6.17)
and

(r, ), (7, v)

representations of (6.16). We see again that the adjoint
representations of the (C + F) subgroup are different in
two theories.

(6.18)
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This means that quarks and gauge bosons which form the
adjoint (r> — 1) representation of SU(r) at large £ and the
dyons and gauge bosons which form the adjoint (»> — 1)
representation of SU(») at small ¢ are different states. What
happens to quarks and gauge bosons at small £?

In much the same way as in the r = N vacuum, the
screened quarks and gauge bosons in the r = (N — 1)
vacuum from the large-¢ domain decay in the monopole-
antimonopole pairs on the CMS. As we will show in
Sec. VID, at small nonvanishing ¢ the monopoles and
antimonopoles produced in the decay process of the adjoint
(r* — 1, 1) states are confined. Therefore, the (screened)
quarks or gauge bosons evolve into stringy mesons in the
strong coupling domain of small ¢&-the monopole-
antimonopole pairs connected by two strings, as shown
in Fig. 1. The difference with ‘‘instead-of-confinement”
phase in the r = N vacuum is that in the r = (N — 1)
vacuum the strings can be broken by M py-monopole-
antimonopole pairs (see the next subsection); here
P=1,...,r. As a result, dipole stringy states emitting
unbroken U(1)""" magnetic gauge fields are formed, see
Fig. 2. Non-Abelian SU(») fluxes are confined in these
stringy dipoles.

Note, that in the large mass limit (6.1) the Mpy
monopoles are very heavy, with masses of order of
m/ g3; therefore, stringy mesons in Fig. 1 are almost stable.

D. Strings and monopole confinement
in the dual theory

Now we will use the light dyon charges (6.10) to obtain
the fluxes of the Z, strings in the dual theory and show that
these strings still confine monopoles.

Consider the §; string arising due to winding of the D'*
dyon. At r — o we have

D'"(r — 0) ~ \/éem, D*(r — o0) ~ %,

&
D3(r — o0) ~ J:

see (6.11). Note again that the condition associated with the
fourth dyon is absent in the r = 3 vacuum. Taking into
account the dyon charges in Eq. (6.10) we obtain the
behavior of the gauge potentials at infinity,

11,1 1 3 1
—A; + A+ A3D+—A8+£A8D+ —=AP ~0;a,

2 270 27 232 2.6
11 1 V3

(6.19)

—A __A'i A'SD _A8 A8D+—A15’VO
1 1 1
A — Ag—ﬁA8D+—A}5~O,

5 i \/75 i i 2\/6
(6.20)

which, in turn, implies
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1 2
Ai + —AIS -~ —(91'&,

N
1 1
—A3+ A~ 9, 6.21
20 2 23,&, ( )

_A8 \/§A8D 1
243" 6’

The combinations orthogonal to those which appear in
(6.21) are required to tend to zero at infinity, namely, A? —
AP ~0, A% —3A% ~ 0 and A}°P ~ 0. Also taking into
account (5.21) which stays intact in the dual theory we get

4 1 1
Ai~zda, AP~0, A}~-d,a, A}P~-0;c,

7 i & i 1 2 2 i
1 3 4
s ap-Loa an~tie 62
103 10 7/6
ABD ~,

These expressions determine the charges of the S string,
N ( 0 2. 11 V31 2
ng = Sy T sy T A U —F=

S 70 447 20204376
Paralleling the above analysis we determine the charges

of the other two Z, strings which are due to windings of the
fields D> and D3, respectively. We get

). (6.23)

,;:(011 _L \/_gL.OL)

52 3'4 47 20°203° 76/

i (000 -0 2) 02
: 3°77100 10437 746

Now we can check that each of three monopoles from the
SU(3) subgroup of SU(4) can be confined by two strings.
For the M, and M,; monopoles we have

R R
vy, = (ngl - nsz) + E(nDM - nD25);

(6.25)

where 7ipu, fips and fips are charges of the condensed
dyons given in (6.10). Only a part of the monopole flux is
confined inside the strings. The remainder of its flux is
screened by the condensate of the D'%, D> and D? dyons.

We see that, although the quark charges change as we
pass from the large-¢ domain to small-¢, and the quarks
turn into dyons, this does not happen with the monopoles.
The monopole states do not change their charges. They are
confined in both, strong and weak coupling domains, being
represented by the junctions of two different elementary
strings. In the strong coupling domain in the dual theory
there is a peculiarity: not the entire monopole flux is
carried by two attached strings; a part of it is screened by
the dyon condensate.
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Consider now the M p; monopoles (P = 1, 2, 3). In much
the same way as in the original theory (see Sec. V B), their
fluxes in the dual theory are not completely confined in the
r = 3 vacuum. Consider, say, the M5, monopole (see (5.27))
attached to the string S5. In the » = 3 vacuum the S, string is
absent due to the fact that £, = 0, and the flux of the above
configuration is unconfined.

Let us calculate this unconfined flux. It is easy to
check that

Nynconf = I’l§3 — Ny, + E(zl’lDB — Npu — nD25)

_2J6 ( 0

7\
Here we add in the right-hand side a linear combination of
the charges the of D'*, D* and D3 dyons. This linear
combination is screened by their condensates. In much the
same way as in the original theory, we see that the n$, charge
is canceled and the resulting charge is, in fact, a source for
the U(1) gauge magnetic field exactly corresponding to the
field of the unbroken U(1)"""" gauge group, see (5.29).

Thus, the S5 string can terminate on the monopole M+,
producing a magnetic source of the unbroken U(1)u®r
gauge field. All other monopole fluxes are absorbed by
confining the §;, S, and S strings. The picture of the
monopole confinement in the r = 3 vacuum of the dual
theory is qualitatively the same as that in the original
theory, see Fig. 3. Basically, the only difference is the
fact that now confined non-Abelian fluxes are associated
with the dual gauge group SU(» = 2), rather than with the
original SU(r = 3) group.

Note, that at large quark masses (see (6.1)) the Mp,
monopole masses (P = 1, 2, 3) are very large; therefore,
the Sp strings are almost stable in this limit.

Note also, that, in much the same way as in the original
theory, the tensions of Sp strings are still given by Eq. (5.33),
where the £p parameters are determined by (6.14).

;0,0;0,0;0, —1) (6.26)

VIL r-DUALITY AT LARGE u

Now we are ready to increase p and decouple the adjoint
matter. Our theory (2.4) will flow to 2N" = 1 SQCD.

A. Moving to the Argyres—Douglas point

In order to keep our dual theory at weak coupling we
need to keep the ¢ parameters (at least v of them) suffi-
ciently small. At large w this creates a problem. In the
r = N vacuum this problem was overcame in [9] by as-
suming the quark masses to be small. The & parameters in
the r = N vacuum are given by (3.27), while the first
(N; — N) roots of the Seiberg—Witten curve are deter-
mined by the quark masses, with no A 5-—,-corrections, see
(3.28). This allows us to increase w thus decoupling the
adjoint matter as well as the U(1) factors, while keeping the
low-energy U(N; — N) gauge theory at week coupling.
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Inspecting Eq. (6.14) we immediately see that this strat-
egy does not work in the r = N — 1 vacuum.

Although the first » roots of the Seiberg—Witten curve
are determined by the quark masses (see (6.15)), the last
two undouble roots ey are of order of As—, at small
masses. Therefore, at large p the ¢ parameters become
large at small masses,

~ IL’LAN:%

destroying the weak coupling condition.

Thus, in the » < N vacua we need a different, novel
strategy. Equation (6.14) shows that if we keep the mass
differences very small and force the average value of the v
double roots (determined by the quark masses, that are
almost equal) to lie in the proximity of one of the roots ey;,
we make v parameters & small. Say, we fine-tune the quark
masses to ensure the limit

AmKK/ << ANZQ’
KK =(+1),...N,

ep — e,

P=1...,v, o
Note, that it is possible to place all » double roots close to
ey, because it is the quark masses rather than A 5-—, that
determine the ‘‘non-Abelian” roots of the Seiberg—
Witten curve and the VEVs of the non-Abelian dyons,
see (6.15).

This limit means moving to the AD points. To see that
this is indeed the case observe that masses of ¥ monopoles
Mpy (P=1,...,v) on the Coulomb branch are deter-
mined by the differences (ep — e5;) — 0, the correspond-
ing B-cycles shrink.

Thus, besides the light dyons D4 and D’ which are
always present in our r vacuum, we get extra light mono-
poles that are mutually nonlocal with the dyons. If we were
on the Coulomb branch (at £p = 0) this would definitely
mean moving to strong coupling. In fact, the running
coupling constant of our dual theory is determined by the
light dyon loops. If the monopoles simultaneously become
light, their loops give logarithmic contributions to the
inverse coupling, making the overall coupling constant of
order of unity.

However, at small but nonvanishing & we are not on the
Coulomb branch. In fact, the monopoles are confined. In
particular, ¥ monopoles Mpy (P =1,..., v) in question
form stringy dipole states shown in Fig. 2. Although the
masses of the M p), monopoles become very small in the limit
(7.1), the mass of the stringy dipole state formed by one of
these monopoles (and an antimonopole) is determined by the
string tension and, therefore, is much larger. It is of order of
&p. The masses of the D4 dyons are of order of §+/&.
Starting from weak coupling in the dual theory and calculat-
ing the renormalization of the coupling constant § we see that
the monopole-antimonopole states are heavier, and their
loops are suppressed. In the theory (C1) the coupling constant
renormalization is determined by the dyon loops. This
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ensures that the renormalized coupling constant is small,
provided that we keep £’s small enough.

In other words, away from the Coulomb branch
(at w # 0) the dual theory has no nontrivial conformal
AD-regime, which appears on the Coulomb branch in the
limit (7.1) [27]. It stays infrared-free. Note, however, that
the effective two-dimensional sigma model on the non-
Abelian string goes into a nontrivial conformal regime at
the AD-point [36]. This is because condensates of the
scalar fields tend to zero inside the string core, and on
the string we are essentially back to the Coulomb branch of
the four-dimensional bulk theory.

Let us stress, that this is the most important observation
which allows us to extend our r-duality from N =2
SQCD to N = 1.

The fact that the light matter VEVs tend to zero in the
AD-point was first recognized in [37] in the Abelian case.

B. Decoupling the U(1) factors

Now we can continue following the same road as in [9],
where the large-u limit was studied in the r = N vacuum.
First we will take the limit (7.1) still keeping u small.

The VEVs of the non-Abelian dyons D4 become much
smaller than the VEVs of the Abelian dyons D’, see
(6.11), (6.14), and (6.15). In particular, the VEVs of the
D’ dyons are determined by the differences (e; — ey;) for
J = (v +1),..., rwhich are not small and stay of order of
A Ar—, in the limit (7.1).

As a result, (N — v — 1) U(1) gauge fields of the dual
gauge group (4.12) as well as the D’ dyons themselves
acquire large masses, ~+/ A a—>, and decouple. At low
energies we are left with the

U (v) X U(1)wbr (7.2)

gauge theory of non-Abelian D4 dyons (I=1,..., v,
A=1,...,Nf). The gauge field corresponding to
U(1)'"br does not interact with the dyons and remains
massless. The VEVs of the non-Abelian dyons are given by

) | 0 ... 0 V& ... 0

DAy =d"=—... ... ... ... ... .|
V2 0 ... 0 0 VE,

(7.3)

see (6.11), where the first v parameters £p are small in the
limit (7.1).
The superpotential of this theory can be written as

Ny

1 3

W =2 Z(EDAbU(I)DA + D bPTP DA
A=1

1 ~
+ —mADADA) + puy(byq), b?, a'™r).  (7.4)

V2

Here by is a chiral superfield, the N = 2 superpartner
of BI,{“), where Bg(l) is a particular linear combination of
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the dual gauge fields not interacting with the D’ dyons. We
normalized by ;) so that the charges of the D4 dyons with
respect to this field are % This amounts to redefining its
coupling constant g ,-

Moreover, b? (with p=1,...,v> — 1) is an SU(»)
adjoint chiral field, the N" = 2 superpartner of the dual
SU(v) gauge field, see (C1). We also use the standard
normalization for the non-Abelian charges of D4 absorb-
ing V2 present in (C2) in the definition of the gauge fields.
Finally, a"™ is a superpartner of the gauge field of the
U(1)untr, see (5.9).

C. Decoupling adjoint matter

Now we increase w and make it

|l > |VER,

decoupling adjoint matter. In order to keep the dual theory
at weak coupling we go to the AD limit (7.1) and require

P=1...,v (7.5)

IVépl < A, P=1...,v (7.6)
where
~ AP
r=2v — NV=2 (7.7)
M

We also assume that the quark mass differences are very
small, even smaller than Ep, namely,
AmKKI << Ep = (e%) - 62 ),
P=1,...,p,
K, K'=(r+1),...,Ny.

(7.8)

Given the superpotential (7.4) we can explicitly integrate
out the adjoint matter. First we find the adjoint scalar
VEVs. Say, in the simplest example v = 2 we have

s 1
b’ = —\/—i(mzvffl —my,),
(7.9)

bya) = ﬁ(mzvf—l + my,).

Next we find """ from Eq. (7.4) and expand the result-
ing function u, in powers of b” and deviations of by,
from its VEV in (7.9),

ur (byry, b?)=c1(b7)* + ¢, Abygy + c3(Aby)?

+0(“2(bp)4)+0<“ Zjéii”) 3), (7.10)

2
AN=2

Since Aby) and b? are of order of Ep (the VEVs of b? are
also small, of order of Amgg, see (7.9)) we can neglect
higher-order terms in the expansion (7.10) and keep only
linear and quadratic terms. Higher-order terms are sup-
pressed by powers of Ep/A ar—s.
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Now, substituting (7.10) into (7.4) and integrating over
Aby(;) and b” we get the superpotential which depends
only on D4, Minimizing it and requiring the VEVs of D4
to be given by (7.3) (see also (6.14)) we fix the coefficients
¢y and c,. Say, for v = 2 we get

‘

>
| 3>

c, =2E, (7.11)

C'1=_

2

where

14 14
=1 > mp g=1 > Ep. (7.12)
Ly = =

Note that the constant c; cannot be fixed by this procedure.
In principle, c; can be fixed by studying the behavior of u,
near the AD points.

After eliminating the adjoint matter the superpotential
takes the form

A

m

i 77\2
W= (0,00 D, + [y — i + 2]

V2
X (D,D*) + c[i (D,D*)? + \/EuE(DADA)].
(7.13)

This equation presents our final large-u result for the
superpotential of the theory dual to N = 1 SQCD in the
(1,...,r) vacaum. The constant ¢ ~ 1 remains undeter-
mined; it is related to c; above.

One can check that minimization of this superpotential
leads to correct values of the dyon VEVs, Eq. (7.3). The
theory with the superpotential (7.13) possesses many other
vacua in which different dyons (and different number of
dyons) develop VEVs. We consider only one particular
vacuum here. As was explained in Sec. VI B, if we choose
the (1, ..., r) vacuum in the original theory above the cross-
over, thenweendupinthe (0,...,0,r + 1,..., Ny) vacuum
in the dual theory below the crossover, see (7.3). Vacua with
the number of condensed D’s less than the maximum pos-
sible one (equal v) seen in (7.13) are spurious.

D. Perturbative mass spectrum

Now we briefly summarize the perturbative mass spec-
trum of our dual theory with superpotential (7.13) given the
quark mass choice (5.11).

The U(v) gauge group is completely Higgsed, and the
masses of the gauge bosons are

msuy = EVE (7.14)
for the SU(N) gauge bosons, and
[z
my) = glf?/E. (7.15)

for the U(1) gauge boson. Here g, and g, are dual gauge
couplings for the U(1) and SU(») gauge bosons, respectively,
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while ¢ is a common value of the first ¥ parameters &p (see
Egs. (6.14) and (6.15)),

&= —2m/ﬁ12 —2¢3.

The dyon masses are determined by the D-term potential

(7.16)

~2 — 52 ~
Vil — %(D_ATPDA — D, TPD")? + %(|DA|2 — [D4l?)?
(7.17)

and the F-term potential following from the superpotential
(7.13). Diagonalizing the quadratic form given by these two
potentials we find that, out of 4v N real degrees of freedom
of the scalar dyons, v? are eaten up in the Higgs mechanism,
v? — 1 real scalar dyons have the same mass as the non-
Abelian gauge fields, Eq. (7.14), while one scalar dyon has
the mass (7.15). These dyons are scalar superpartners of the
SU(») and U(1) gauge bosons in N = 1 massive vector
supermultiplets, respectively.

Another 2(v*> — 1) dyons form a (1, »> — 1) representa-
tion of the global group (6.16). Their mass is as follows:

EA‘Z
m(l‘VZ_l) = %, (718)

while two real singlet dyons are heavier, their mass

N

m(“) ~FE (719)

is determined by the last term (the one with unknown
coefficient) in (7.13). Here

A 1
E=—4m?—2¢%,
ﬁV N
see (6.13).

The masses of 4rv bifundamental fields are given by the
mass split of r first and » last quark masses, see (5.11),

(7.21)

(7.20)

m(;, v) = Am

All these dyons are the scalar components of the N = 1
chiral multiplets.

We see that the masses of the gauge multiplets and those
of chiral matter get a large split in the limit of large p and
small £. Chiral matter becomes much lighter than the
gauge multiplets cf. [17,38].

E. Summary

To summarize, at large w, upon reducing &, the original
N =1 SQCD in the r = N — 1 vacuum undergoes a
crossover transition at strong coupling. In the domain
(7.6) in the vicinity of the AD points (7.1) it is described
by the weakly coupled infrared-free dual theory, U(») X
U(1)ubr SQCD, with N + light dyon flavors. Condensation
of the light dyons D' in this theory leads to formation of
the non-Abelian strings and confinement of monopoles.
Quarks and gauge bosons of the original N = 1 SQCD
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are in the ““instead-of-confinement” phase: they decay into
the monopole-antimonopole pairs on CMS and form
stringy mesons. In fact, in the AD-regime (7.1) the Mpy
monopoles (P =1, ..., v) become very light and, there-
fore, strings are unstable. As a result, stringy mesons
shown in Fig. 1 decay into stringy dipoles, see Fig. 2.
Stringy dipoles with nontrivial charges with respect to
the SU(r) part of the global group (for example from the
adjoint representation) are stable.

VIII. CONCLUSIONS

Our main task was to extend non-Abelian duality, that
was observed previously [8] in the » = N vacuum, to vacua
with a smaller number of condensed quarks, which we
referred to as the r vacua. The second task was exploration
of the confinement mechanism both in the original and dual
theories, as it reveals itself in the » vacua. As in [8] we start
from the N° = 2 theory slightly deformed by the adjoint
field mass parameter p and study the transition from large
values of the FI parameters ¢ to small values. At large ¢ it
is the original theory that is weakly coupled. As we move
to smaller & the original theory becomes coupled exceed-
ingly stronger. A dual description becomes more appropri-
ate. We identify the dual gauge group (which, surprisingly,
is not the Seiberg dual group if r < N), dual matter and
dual theory as a whole. Remarkably, the ‘“‘dual quarks™ are
not monopoles. We identify an ““instead-of-confinement”
mechanism.

Then we increase the deformation parameter p and
repeat the whole program. At large w the adjoint fields
decouple, and our theory flows to N =1 SQCD. The
gauge group of the dual theory becomes U(N; — r). We
show that the dual theory is still weakly coupled if we
approach the Argyres—Douglas point. The ‘“instead-of-
confinement”” mechanism for quarks and gauge bosons
survives in the limit of large w. It determines low-energy
non-Abelian dynamics in the r-vacua of N = 1 SQCD.

Our main example in this paper is the r = (N — 1)
vacuum. Still we expect that our results are quite general
and can be applied to all r > %N + vacua. In particular, a
generic r vacuum has (N — r — 1) condensed monopoles
at large £, in addition to r condensed quarks. These mono-
poles are charged with respect to Abelian U(1) factors of
the gauge group. At large u and small ¢ in the dual theory
all SU(v) singlets (including these monopoles) become
heavy and decouple. They do play no role in the low-
energy dynamics of the dual theory at large w. The light
matter charged with respect to the dual gauge group U(v)
consists of the D4 dyons which are quarklike states. In
particular, condensation of these dyons leads to confine-
ment of monopoles.

A very crucial question is comparison of the r duality we
studied here with the Seiberg duality. This will be carried
out in a separate publication [28].
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APPENDIX A: LOW-ENERGY ACTION OF
THE U(N) THEORY INTHE r = N — 1
VACUUM AT LARGE &

The low-energy action has the form
1 1 2
S = | d*x [ Fn, F )2+ FIV=Dy2
[ 2 ( 45’% ( ,U«V) 45’% ( 1% )

1 )
+ L ipyarr+ Lol + Lo a0
g g g "~

IV, R + IV, + v], (A1)
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where the fundamental and adjoint color indices are
k=1..,rand n=1,...,72 —1, respectively, while
the U(1) gauge field A’l)’Ll and its scalar superpartner
a™~! are associated with the last Cartan generator of
SU(N). Note that all non-Abelian gauge fields from the
SU(N)/SU(r) sector are heavy and decouple in the large
mass limit due to the structure of the adjoint VEVs,
see (4.2). Also the g™ quarks are heavy and not included
in the low-energy theory. The covariant derivative

V,=a,—tA, L aw

N

—iALT" (A2)

acts in the fundamental representation.
The scalar potential V(g?, Gy, a”, a,a™¥" V) in the
action (A1) is

2 2 2
N - g (1 m s L = = omza VL 81, - J—
V(g*, Ga a", a,a™’ “)=72<?f””“a"as+qAT”qA—qAT"qA> +§1(qu’*—qu’*)2 W(M — Gag")
2
1 oW, 2 dW,, |2 1
+2g5 [ gaT g + |78 g q*‘+\/§—rl +2¢5 | ——=3quq"
’ 2 oa” A da A NE)
1 oW, |2 1 2 ) 2
+= +~/2my +2T"a" + 7<N—1)A
T B oan zgl{ <“ Vam, TTYvv-n )
+ (a+\/§mA+2T”a”+ #awz_l)fj“‘ 2}. (A3)
NN-1)

APPENDIX B: WEIGHTS AND ROOTS OF
THE SU4) ALGEBRA

In this Appendix we present, for completeness, weights and roots of the SU(4) algebra which we repeatedly use in the
main text. Weights determine quark charges, while roots determine monopole charges. The diagonal (Cartan) generators of

SU(N) are defined as

T&:(m+1)2—1 _

a 5,6
& W<Z kT gk

For SU(4) the index values m = 1, 2, 3 correspond to the Cartan generators 7°, T® and T'.
In three-dimensional Cartan plane the weights of the SU(4) algebra are

(1 1 1) <1 1 1)
wi=|5imm==) wm=|—"srmiF)
223726 : 223 26

The roots can be obtained as

This implies

mSi,m+18j,m+l)’ m=1..N-1 (B1)
I 1 3
w3 = 0;_7;7)’ w =(O;0;——). B2
: ( 37246 4 N
—w; i<j. (B3)
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1 3 13 1 1 ]
= (1;0;0), = —'—'0 =({—%:—=:0) =\z:77=17)
a2 = (100, gy = ( ) 2 ( 2 ) “ia (2 W \[3)

1) 1)
Aoy = 2 2\/— =10, — \/-

For the monopole with charges determined by the root ;; we use the notation M;;. From the expressions above we find
charges of all monopoles in SU(4). Say, for the My, monopole we have

iy <ooo 0*/;;0,0) (B5)

in notations (5.18).

APPENDIX C: LOW-ENERGY ACTION OF THE DUAL THEORY IN THE r = 3 VACUUM FOR N = 4

The dual theory for the » = 3 vacuum in the U(3) gauge theory was found in [8]. To utilize these results in the r = 3
vacuum in the U(4) theory at hand we make a minor adjustment which takes into account the presence of an extra U(1)
gauge field associated with the T' generator in the U(4) theory. The dual gauge group is U(2) X U(1)® X U(1)!3. The
bosonic part of the action is

1 1 1
St = [ d4x[—~<FPV>2 (Fu? + — (F8,)2 + —(FI3) + |a P+ 10, al? + 10, b5
ag3 M Tagl M ag] 483 P g "

1 - -
+ 19,05 + [VLDAP + VLD, PIV2A D + [V2 Dy + v], 1)
15

Here covariant derivatives are defined in accordance with the charges of the D! (I = 1, 2) and D? dyons in (6.10). Namely,

V10 1 1 V10 1
VI == ( A, + \/_B”—-i-—BS Al V=94, ( A, — =B +—A15), C2
g 24374 26 ) 27 B 2 ©

where the B, gauge fields (p = 1, 2, 3), B8 and their scalar superpartners b” and b8 are

1 1 1
By =—=(AL+AP), b =—x(a®+a}) forp=3, BS=—=(A3 +34%0), p8= —(a8 +3af).  (C3)

V2 V2 V10

The coupling constants gy, s, §15 and g, correspond to three U(1)’s and the SU(2) gauge groups, respectively. The
scalar potential V(D, D, b?, b3, a, a'¥) in the action (C1) is

&l

&3 _ . =4\2 1032 . .
( s amat + DytP Dy _DATPDA) +?%(|DA|2 —|D4I? = 2|D3? + 2| D;1?)?

52
& - 5 g . .
+ (DA = ID4P + D3P D3 ) + 52D = 1D + D =~ D5 )2

8Wbr g A 8Wbr 10 ~ A 10 ~ 3
+2 |ty D,DA+D3D;+2 5 DaD" = 2955D3D
IWy |2 8% awbr 1 10
+42 8 = —(DAD —I—D3D3)+\/_ +§{ (a+TPJ§bP+ b+ \/_ 15+\/_m)
10 8 15 2 10 8 15 312 N |2
+ | {a+m7v2b7 + S0+ \/_ +V2my D, |+ [a—2 S0+ f +/2m; (|D| + D5, (C4)

(see also [9]).
The derivatives of the superpotential W in (C4) can be calculated using (3.21). Next, we use monodromies found in
Sec. VI A to relate the derivatives of u, with respect to b and b® to those with respect to a® and a®, namely,
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1 (:)l/tz _ auz 1 8u2 8u2

2 0b3  ad3
see also [9,19].

=, C5
J10 ab®  9ad )

APPENDIX D: THE r = 1 VACUUM
IN U(2) THEORY

In this Appendix we find the relation of the matrix £
(see (3.23)) determining the quark/dyon VEVs in the
original/dual theory with the roots of the Seiberg—
Witten curve. We consider the simplest possible example:
the r=1 vacuum in the U(2) gauge theory with 1 =N, <4.

Let us calculate the diagonal elements of the matrix £
given by

o 1 8u2+7'3 ouy
2 da 2 9a’
in this particular case. The Seiberg—Witten curve in this

case factorizes as follows:

¥ = —e)(x —e3)lx —ey), (D2)
see (6.2). Here the double root at x = ¢; corresponds to a
single condensed quark in the r = 1 vacuum, while two
other roots (subject to condition (6.3)) determine the gau-
gino condensate.

The exact solution of the theory on the Coulomb branch
relates the fields @ and a® to contour integrals running
along the contours «; (i = 1, 2) in x-plane encircling the
double root e; and the cut which is stretched between the
roots e, see Fig. 4.

Using explicit expressions from [39—42] and their gen-
eralization to the U(NV) case [33] we can write

b, 11 dx 0®; 1

§ Simle e
=—— , =—¢ —[x—(e;tey)]
du, 22miJa, y ouy, 2miJa y b=

(D1

(D3)

where the variables u;, u, are given by (3.20), and we
define

(D, ..., Dy) = diag(%a + Tdad), (D4)
while
e = %(e; +e5). (D5)
In fact, e, = 0 due to the condition (6.3).
Equation (D4) gives in the N = 2 case
a=®; + &, a’l=®, — O, (D6)

For the factorized curve (D2) the integrals (D3) can be
easily evaluated. The integrals along the «; contour are

PHYSICAL REVIEW D 86, 025001 (2012)

FIG. 4. a-contours in x-plane for the U(2) theory. Solid
straight line denotes the cut.

given by their pole contributions. To calculate the integrals
along the a, contour we write @, = C — «;, where C is a
large circle at infinity, see Fig. 4. This gives us

b, _ 1 1

0z 2 fler = eb)er — &)

P, 1 1

Gz 2 fler—ei)er —e3)

o & (D7)
G Jler = ed)er — &)

8(132 _ 1 + €y

o e = eier —ey)

Using (D6) we get the derivatives da/du,, da>/ou;,
da/du, and da’/du,. Inverting this matrix and substitut-
ing the result in (D1) we obtain

diag E = (\/(6’1 —ey)(e; —ey) + ey €)). (D38)
Now we see that
Ey—y = ey— =0, (D9)
i.e. the two conditions (6.3) and (6.4) are equivalent.
Using these conditions we finally obtain
diag E = (y/(e, — &5)(e, — ¢3), 0). (D10)

Straightforward generalization of this result to arbitrary N
gives Eq. (6.13) that was presented in the main text.
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